An all-optical atomic magnetometer is used to detect a proton free-precession signal from a water sample polarized in a 0.7 T field and remotely analyzed in a 4 µT field. Nuclear spins are manipulated either by π/2 pulses or by non-adiabatic rotation. The magnetometer operates at room temperature, in an unshielded environment and has a dual-channel sensor for differential measurements.
Introduction
The general trend in conventional nuclear magnetic resonance (NMR) spectroscopy and magnetic resonance imaging (MRI), has been to work at high fields, in order to increase the signal, and thus achieve better resolution with shorter measuring times. In fact, both the magnetization and its precession frequency increase linearly with the strength of the magnetic field, so that the signal produced by Faraday induction in pick-up coils increases quadratically with it.
In fact, the polarization and the precession roles of the dc fields used in NMR can be discriminated. The two fields may differ in strength and/or orientation, and may be applied in two different regions (remote detection).
When the time-dependent field produced by the precessing magnetization is detected by non-inductive sensors, the signal amplitude no longer depends on the precession frequency. For this reason, methods based on non-inductive detection show their competitiveness when the magnetization precesses in low magnetic fields. In this case the signal depends (linearly) only on the polarization field.
A recent renewed interest in low-field NMR (LF-NMR) measurements has been motivated by the use of Superconducting Quantum Interference Devices (SQUIDs) as sensitive and frequency-independent magnetic flux detectors [1, 2, 3, 4] . Optical atomic magnetometers (OAMs) [5] are alternative sensors based on the magneto-optical properties of atomic samples. OAMs were first proposed decades ago [6] and their performance has improved thanks to laser spectroscopy. Nowadays, OAMs achieve sensitivity levels comparable to those of SQUIDs and are used in various fields of application [7, 8, 9, 10, 11] , including NMR detection [12, 13, 14, 15, 16] .
The advantages of OAM sensors lie in the possibility of miniaturizing the sensor volume [17, 18] , while providing excellent time stability and reliability. OAMs do not require cryogenics, as they work at room temperature or higher. This feature brings a further advantage to NMR as, besides dramatically reducing the cost of maintenance compared to SQUIDs, it helps to minimize the distance between sample and sensor, which is crucial for good sample-detector coupling.
From the point of view of sensitivity, SQUIDs operating at liquid He temperature reach a sensitivity in the few fT/ √ Hz range. At liquid N 2 temperature, this value increases to tens of fT/ √ Hz. These values are improved by a factor 30 in the case of high-Q resonator SQUIDs operating at several hundred kHz [19] . For OAMs working in the so-called Spin-Exchange-Relaxation-Free (SERF) regime (which requires magnetic field compensation down to fractions of nT), a sensitivity of 0.5 fT/ √ Hz has been demonstrated experimentally [20, 21] , while a fundamental limit of 0.01 fT/ √ Hz has been claimed [20, 22] . For optical atomic set-ups working in a non-vanishing magnetic field the experimental limit is 80 fT/ √ Hz, with a theoretical projection as low as 1 fT/ √ Hz [23] . Sensitivity as good as 1 fT/ √ Hz with projection as low as 0.01 fT/ √ Hz have been reported for OAMs working in non-vanishing fields, specifically designed to detect alternating magnetic fields and tuned to resonantly oscillate with the time-dependent field to be measured [24] . One of the most significant differences between SQUIDs and OAMs lies in the quantity measured. In fact, SQUIDs measure a component of the vector B while OAMs measure its modulus.
In LF-NMR experiments, the sample is typically first magnetized in an intense polarizing field, and then measured in a much weaker precession field. The second operation is performed either after displacing the sample (remote detection experiments) or after switching off the polarizing field within a time interval much shorter than the relaxation time. Naturally, due to the high inductance of the coils producing the strong polarization field, such an abrupt field variation implies technical problems, and makes the second approach favourable only when remote detection is not feasible (e.g. when investigating macroscopic solid samples). Furthermore, remote detection makes it possible to use permanent magnets for the polarization stage.
The options available for spin manipulation change when the strength of the precession field decreases. The field time derivative necessary to achieve non-adiabatic spin rotation decreases quadratically with the strength of the precession field, which makes it extremely easy to reach the non-adiabatic limit when working with precession fields in the micro-Tesla range. In fact, the transverse field used to rotate the spins, which has to be larger than the precession field, can nevertheless be much weaker than the polarization field, and the non-adiabaticity requires the transverse field to be switched off within a time interval shorter than the precession period (which is also inversely proportional to the precession field).
As an alternative to using non-adiabatic rotation of the field, as in most conventional NMR experiments, a suitable time-dependent transverse field (the ordinary π/2 pulses) can be applied to rotate the magnetization with respect to the precession field. It is worth noting that in LF-NMR, all the spin manipulation pulses (e.g. the above mentioned π/2 pulses) must be at much lower frequencies: for this reason they must be referred to as ac pulses rather than rf pulses [3, 25] . An obvious difference between the two spin manipulation approaches is their nuclear selectivity. Should different nuclear species be studied at the same time, they would all be reoriented with the first approach, while the resonant nature of the second approach would make the pulse act selectively on a single species. A discussion of the more advantageous procedures for spin manipulation in LF-NMR for free induction decay (FID) detection by means of SQUIDs, can be found in [1] . These procedures can, to some extent, be applied to LF-NMR with other non-inductive detectors.
We have previously demonstrated that an OAM based on synchronous optical pumping of Cesium vapour is suitable for the detection of dc magnetization in prepolarized water [13] . In the present work, the same set-up is used to detect proton precession in water samples of a few cm 3 in volume. Here we report a set of experimental results, obtained using a LF-NMR setup for remote detection of FID, with different spin manipulation techniques and data-analysis approaches. The experiment is performed with a permanent magnet polarization field in the 1T range, and a micro-Tesla precession field in which both the water sample and the OAM are immersed.
The OAM sensor works in an unshielded environment and has a differential nature, which makes compensation and shielding of stray magnetic fields less demanding in terms of accurateness. The set-up is relatively inexpensive and its operation is simple and largely automated. The long term stability (which is also improved by the automated control of the experimental parameters) partially compensates for the relatively poor sensitivity, as it permits noise rejection by long-lasting averaging.
Cheap and reliable set-ups for LF-NMR measurements open up new fields of application for NMR-based techniques, which have already demonstrated their potential in the construction of excellent diagnostic tools. Conventional NMR apparatuses, operating at relatively low fields are currently used for the characterization of oil contents in bitumen [26] , food analyses techniques [27] , and non-destructive on-line food quality control [28] . In such applications, LF-NMR can take advantage of the availability of large volumes with homogeneous precession field [29] .
Most LF-NMR experiments reported in the literature refer to measurements performed in highly shielded volumes. Multiple layer shields of high permittivity material are used, guaranteeing excellent extinction of the environmental field. However, this approach prevent large samples from being analyzed, unless large (and thus very delicate and expensive) shields are used. Testing LF-NMR performances in compensated but unshielded volumes is therefore clearly of interest for practical applications, such as developing MRI set-ups for medical purposes.
2 Set-up
Overview
The experiment is performed as follows: water is pumped into a pipe and flows first into the high field region, where it is polarized, then into the weak field region, where spin precession is detected. Once there, the pump stops and data acquisition starts, lasting until the polarization decays. At this time the pump is switched on again and the whole cycle is repeated.
Water polarization system and water dynamics for remote detection
Performing LF-NMR with a strong polarizing field makes it necessary to pass from the polarization to the precessing regime in a time interval that is shorter than the relaxation time. This can be difficult in both static and remote sensing approaches. In the static approach, the problem lies in the large inductance of the polarization coils, while in the remote sensing approach the sample displacement must be large enough for it to escape from the spurious and inhomogeneous stray fields present in proximity of the prepolarization region.
The set-up contains a water polarization assembly comprising a set of permanent magnets. Soft iron shielding guarantees reasonable extinction of stray fields external to the polarization volume, and the field/gradient compensation system described in Sec.2.4 is sufficient to counteract the assembly's residual leakage. The polarization assembly comprises 56 cubic Nd magnets (1 inch side) aligned in two rows of 70 cm in length, placed at 7 mm from each other, thus producing a field of about 700 mT. A pipe with a rectangular crosssection (30 cm 3 in volume) is placed between the rows. The water is pumped into the pipe at a rate of 5 cm 3 /s, so it spends several seconds (several relaxation times) in the polarization volume, and then flows through a capillary tube (1 m in length and 1.8 mm in internal diameter) into the detection region for about 500 ms. A bulb of 5 cm 3 volume is placed close to the Cs cell of one arm, as shown in Fig.2 contains a serpentine path to guarantee efficient water refreshment, which is thus completed in less than 1.5 s.
(a). This bulb

Atomic magnetometer
All the NMR measurements discussed in this paper were performed with an OAM based on the detection of non-linear Faraday rotation of light polarization, produced by optical pumping of Cesium vapour. The Cs OAM allowed us to perform several kinds of high resolution magnetometric measurements [9] , including the detection of fields generated by cardiac currents [30] and the dc bulk magnetization of water [13] . Here we describe the main features of the magnetometer (more details are available in the papers cited above), and discuss its application in LF-NMR detection.
The OAM works with one or two channels, either in forced mode (with fixed or scanned forcing signal frequency) or as a self-oscillator. In the second case, the main arm gives the signal used to close the oscillator loop, while the second arm (if used) keeps working as a forced oscillator. A scheme of the main arm of the magnetometer is shown in Fig.1 .
Each arm contains a sealed glass cell containing Cs vapour and 90 Torr Ne as a buffer gas, which is heated to about 32
• C by means of circulating water, thus increasing the vapour density so that spin-exchange collisions become the factor limiting the sensitivity [21] . The pump and the probe laser beams, which are are generated by independent single-mode free-running diode lasers, overlap within the cell. The lasers are passively stabilized by means of a high-quality current driver and temperature controller, and are both tuned to the Cs D 2 line at 852 nm. Laser sources with this wavelength are easy to find on the market thanks to their frequent use in telecommunications. It is worth noting that, as discussed in Sec.4, relevant improvements could be made to the set-up performance if the pump laser were replaced by a source tuned to the D 1 line at 894 nm.
While the probe laser delivers an unmodulated, linearly polarized beam, the pump laser delivers a circularly polarized beam, whose optical frequency is made in resonant for short time intervals (pulses) via modulation of the laser junction current. At each pulse, the pump beam orients the atomic angular momentum along the propagation axis. Provided that the atoms are oriented synchronously with their precession (i.e. that the pulses occur at the atomic Larmor frequency or 1/2, 1/3, ..., 1/N of its value), the medium shows a time dependent polarization, which precesses around the fields similarly to nuclear spins in NMR experiments, but with a frequency two orders of magnitude higher. This precession produces a time-dependent rotation of the probe beam polarization plane, which is in turn detected by a balanced polarimeter composed of a Wollaston beam splitter and two photo-diodes. The polarimetric signal is thus synchronous with the pulses, and has maximum amplitude provided that the pulses occur at a frequency matching the atomic precession frequency (or integer fraction). The pulses may be generated by an external waveform-generator (forced mode) or triggered by the polarimetric signal, thus closing the loop and making the system self-oscillate.
The resonant frequency (or the frequency at which the system self-oscillates) varies proportionally to the magnetic field modulus through the atomic gyromagnetic factor, so that any change in the field modulus appears as a modulation of the oscillation frequency.
In the presence of a dc bias field and a much smaller time-dependent field, the modulus changes proportionally to the vector component of the time-dependent field which is parallel to the bias field: Fig.2 , detecting nuclear precession with scalar sensors, makes necessary either to suitably displace the nuclear sample with respect to the sensor (case (a)), which is the configuration considered here, or to use differently oriented fields for the atomic and nuclear precession (case (b)). Solution (b) requires homogeneous magnetic fields in two closely located regions, but offers the possibility to adjust the nuclear and the atomic precession frequencies separately. As shown in [14] , this renders it possible to make the two precession frequencies resonant thus improving the detection sensitivity.
Field and gradient compensation system
The magnetic field measurement is based on the determination of the frequency at which the atomic angular momentum precesses around the bias magnetic field. As discussed below in Sec.4.2, the uncertainty of this frequency depends on the noise level, resonance slope and measuring time. Consequently, the sensitivity of OAMs is degraded by field inhomogeneities, which make the resonance broader and its central slope weaker. The set-up contains large coils to compensate and fix the three components of the static magnetic field, and other electromagnets to control some components of the magnetic field gradient. The current supplies for field compensation are numerically controlled, thus enabling active recovery of the magnetic field drift.
As B z inhomogeneities (z being the direction of the bias field) are mainly responsible for the reduction in sensitivity, in addition to three perpendicular Helmholtz coils pairs the set-up contains two pairs of dipoles. These are oriented along the direction of z and placed on the xy plane to control the off-diagonal elements ∂B z /∂x and ∂B z /∂y of the gradient via a vanishing quadrupole field. Additional smaller coils were used to introduce other oscillating or stepped fields to manipulate the nuclear spin orientation. Oscillating fields resonating with the nuclear precession frequency and dc transverse field can be applied by means of coils with small inductance (a few tens of mHenry) driven directly by a waveform or pulse generator. E.g. the transverse field can be switched off for a characteristic transient time L/R of 110 µs.
Experimental results
This section provides details of both the conventional spin manipulation techniques and describes the two approaches used for recording and analyzing the magnetometric signal. Experimental results in the frequency and/or time domain are shown for both of the spin manipulation methods and both of the DAQ approaches.
Spin manipulation
Manipulation with ac pulses
As mentioned above nuclear spins can be manipulated using pulses of transverse time-dependent magnetic fields in the in the LF-NMR a as in conventional NMR experiments. However as the nuclear spin precession in this case is limited to few hundred Hz, supplying such pulse sequences is correspondingly simpler. In our setup, a commercial waveform generator (Agilent 33250A) directly drives the current in the spin manipulation Helmholtz coils. A suitable user-defined waveform designed to generate the desired pulse sequences is uploaded and its timing is controlled synchronously with pulses activating water flow and data acquisition. Fig.3 shows the relative timing of the ac π/2 pulse, the water pump status and the negative slope, which triggers the data acquisition system.
Manipulation with non-adiabatic field re-orientation
Manipulating nuclear spins by non-adiabatic field adjustments in LF-NMR is easy to achieve. In our set-up in addition to a vertically oriented 4µT precession field, we have a horizontal field of about 50µT which is driven by a square-wave signal supplied directly by a waveform generator, via a 100 Ohm resistor. This field has a transition time as short as δt = 0.45 ms (corresponding to 4 times the L/R constant of the circuit), which perfectly fulfills the conditions for non-adiabaticity, ω n δt ≪ 1, where ω n /2π is the nuclear precession frequency. Fig.4 shows the timing of the transition of transverse precession field to off, the consequent growth of the self-oscillation in the OAM and the pulse used to trigger the data acquisition system. Nuclear spins enter the transverse field adiabatically during the on period and flow into the measurement bulb (sample magnetized in the x − y plane). In fact, estimating the value of field gradient (both diagonal and off-diagonal components) as B/D, where D is the typical distance from the field sources to the tube, the adiabatic transfer condition (small relative variation of ω n for the displacement occurring in a precession period) reads: (dω n /dx)v f low ≈ (ω n /D)v f low ≪ ω n /T , v f low ≪ D/T . This condition is fulfilled in our case, as the water flow velocity is v f low ≈ 2 m/s, D ≈ 10 cm, and T < 6 ms. The lower (main) arm drives the self-oscillation at a frequency set by the environmental magnetic field, while the upper (slave) arm works as a forced oscillator, which may be slightly mistuned due to field variation caused by the sample.
Data acquisition strategies
Two different approaches are developed for data acquisition and for extracting the NMR signal from the output signal produced by the OAM shown in Fig.5 .
In the first approach, the signal produced by the main arm of the magnetometer is directly digitized and numerically elaborated, while in the second approach signals from both arms (one locate close to the water sample and the other sensing only the environmental field ) are used as input and reference signals for a digital lock-in amplifier (Stanford Research SR830). FID signals are reported, which were recorded using both of these approaches and either ac pulses or non-adiabatic field rotation to cause the magnetization to precess.
Direct digitization from a single channel
Magnetization of the sample produces a variation of the magnetic field which, in the case of precessing spins, is time-dependent. The OAM converts the instantaneous field modulus into atomic precession frequency, so a time-dependent field of modulus B(t) = B 0 + B n (t) appears as an instantaneous atomic Larmor frequency ω a = γ a B(t). While B n (t) has a peak spectral component oscillating at ω L−n , the bias field B 0 varies slowly in time due to random drifts in the environmental field, as well as to residual drifts in the currents driving the compensation coils. In addition, due to the power net, B 0 contains large spectral components peaking at 50 Hz and its harmonics. The power spectrum of the signal detected from one balanced polarimeter is shown. The central peak frequency is given by the atomic Larmor frequency, and sidebands clearly appear at 50 Hz and multiples. In this single trace acquisition, the NMR signal produces sidebands well below the noise level.
The signal extracted from one polarimeter can thus be modelled as:
where ω 0 is set by the dc component of the bias field. The total noise ζ(t) = ǫ(t)e iφN (t) is composed of the phase noise φ N (t), which describes all contributions included the 50 Hz noise produced by the power net, and ǫ(t), which accounts for noise in the oscillation amplitude. Fig.6 shows the power spectrum of the raw signal. The sidebands at 50 Hz and multiples are clearly visible around the peak at ω 0 /2π = 15.03 kHz, while the sidebands corresponding to the NMR frequency, displaced by (γ n /γ a )ω 0 /2π ≈ 183 Hz are not distinguishable as they are the same as the random noise level or lower. The signal is acquired for finite time intervals, so that ω 0 refers to the given interval and may vary slightly from one measurement to another. In order to extract the nuclear signal, the carrier angular frequency ω 0 must first be evaluated precisely. This is done using a commercially available procedure, based on local analysis of the spectral peaks detected in the power spectrum, evaluated by discrete Fourier transform of the Hann-windowed signal [31] . The large signal-to-noise ratio seen in Fig.6 renders this procedure perfectly suited to the purpose.
The last exponential factor in Eq.1 is easy to expand in Fourier series as
where we have used the well-known properties of the Bessel functions:
valid for z ≪ 1.
Notice that the values of ǫ and φ n are small, as can be inferred from the good contrast of the Fourier component at the carrier frequency with respect to the noise, which exceeds 20 dB for the 50 Hz and 40 dB for the broadband noise, as can be seen in Fig.6 . According to Eq.2, in the spectral analysis the nuclear signal appears as a couple of peaks displaced by ω n from the carrier frequency (sidebands), which are hidden in the noise but contribute with a fixed phase with respect to the carrier.
After evaluating ω 0 for each time interval corresponding to a measurement trace, we demodulate the signal by multiplying the digitized trace by cos(ω 0 t). A discrete Fourier transform is then performed using a FFT algorithm. The frequency axis is slightly rescaled on the basis of the observed ω 0 drift, to make all the traces appear with superimposed peaks at ω n . The traces are finally averaged, to filter out all the frequency components occurring with random phases with respect to the spin manipulation pulses.
The same routine used to determine ω 0 is also used to identify the amplitudes and the phases of the spurious peaks at 50 Hz and its harmonics (typically up to the 4 th ), and to subtract those components from the demodulated trace. This cleaning procedure is essential when plotting the FID signal in the time domain. The time domain traces are filtered using a bandpass linear filter, in order to make behaviour in time easily recognizable and the FID signal appreciable versus time on the average plot (see Fig.7 ).
Our digitizing system is based on a 16 bit USB DAQ (MCC 1608 FS, Measurement Computing), which has a maximum sampling rate of 50 kS/s and an on-card data buffer of 16383 points. This leads to a measuring time of 300 ms, when operating at the maximum sampling rate, which is too short with respect to FID time. The following compromises may be considered: the sampling rate can be reduced to 34 kS/s, increasing the measuring time to about half a second, and keeping the Nyquist frequency a couple of kHz above the atomic precession frequency ω 0 /2π ≈ 15 kHz; or (increasing in the noise level) one can work in undersampled conditions, so that demodulation is performed using an aliased carrier peak. The FID trace shown in Fig.7 was obtained by sampling at 18 kS/s and demodulating with the alias of the 15 kHz atomic carrier, appearing at 3 kHz. Two frequency domain plots, obtained from the averages of 120, and 1350 traces, are shown together with the time-domain plot corresponding to the second signal.
Lock-in detection (dual channel)
Using a lock-in amplifier makes it possible to take advantage of the differential nature of the set-up and to simplify the data acquisition and processing. In this approach, the loop of the self-oscillating magnetometer closes on the arm located farthest from the water sample, so that the instantaneous oscillation frequency tracks the environmental field. The corresponding signal is then used as a reference signal in a Phase Sensitive Detection (PSD) system based on a digital lock-in amplifier. The signal of the polarimeter that analyses the light emerging from the arm that senses the NMR, is applied to the lock-in input.
Let us assume that the time response of the lock-in amplifier is set to a time much longer than the atomic precession period and much shorter than the nuclear one. Its output can be considered as a measure of the steady-state oscillation amplitude of a forced and damped oscillator. The resonance is modelled with a Lorentzian curve AΓ/(∆ω 2 + Γ 2 )). The signal amplitude can be estimated from A, Γ, and from the instantaneous frequency deviation δω a of the atomic precession, which is in turn caused by the field produced by the nuclear polarization. As the lock-in response depends approximately on the derivative of the resonance profile, i.e. it is A/Γ 3 in the Lorentzian case and at the resonance centre, the resulting expression for the lock-in output is
Two limitations may apply to this approach. First, the reference input of the lock-in amplifier must be Figure 7 : Power spectrum of the FID signal obtained from the averages of 120, and 1350 directly digitized traces. The second signal is also shown in the time domain. These data are obtained by numerical demodulation of the sidebands produced by the time-dependent magnetic field. This field is generated by the nuclear FID responsible for frequency modulation of the atomic precession signal.
capable of tracking the reference instantaneous frequency. The reference lock-in input uses a PLL synthesizer whose filter specifications are not accessible to the user. We could only verify that the time response was short enough to let the synthesizer follow frequency variations faster than we needed to cancel out the noise contribution overlapping (after demodulation) the NMR signal. Second, lock-in amplifiers are usually designed to generate slowly varying outputs and, although time constants as short as 300 µs exist, a limited sampling rate is available for storing the lock-in output in the data buffer. In the case of our instrument, the maximum rate is 512 S/s, setting the Nyquist limit at 256 Hz. It was operated at frequencies of about half of this limit to avoid aliasing effects, but the traces recorded were roughly sampled. A data interpolating routine was implemented in order to achieve good visualization of the time traces and to perform slight frequency axis rescaling, which is necessary when averaging many traces in the presence of non-negligible drifts of the precessing field. The routine is based on direct DFT, zero padding, and inverse DFT (see. e.g. [32] ), possibly followed by appropriate re-sampling to permit superimposition of the frequency axes of subsequnent traces, as described above. As an alternative to resampling and rescaling, a numerical feedback with integral response can be used, adjusting the bias magnetic field once per trace, to recover the drift of the atomic Larmor frequency. 
Discussion
Results and perspectives
The good quality of the signal reported in the previous section, demonstrates that the low intrinsic signalto-noise ratio of LF-NMR in an unshielded environment can be overcome by using a low field only for the precession detection, while maintaining relatively high values for the polarization field. The latter, on the other hand, does not require a high level of homogeneity and (as in our case), can be generated inexpensively by permanent magnets. Our set-up is not optimized for sensitivity, but we address some possible improvements to the sensor below, e.g. using more efficient pumping radiation and specially designed vapour cells, in order to maximize the sample-sensor coupling. In spite of the relatively low sensitivity, the stability of the system makes it capable of achieving quite high resolution, by means of automated, longlasting measurements and averaging procedures for noise rejection.
Detection limit
The sensitivity can be accurately determined by measuring the noise level (which, following optimization, reaches the limit set by the shot noise in the photo-current of the polarimeter photo-diodes) and the slope of the atomic resonance used to make the system self-oscillate. Our apparatus permits fast switching between forced and self-oscillating operating modes, so the slope can be evaluated by measuring the amplitude of the polarimetric signal while scanning the frequency of the forcing signal around the atomic precession frequency. In fact, accurate evaluation of the slope is achieved by best-fit procedures. Repeated noise measurements and slope evaluation are the primary-best method for optimization of the magnetometric signal-to-noise ratio. As discussed in detail in [13] , several parameters need to be adjusted in order to achieve the optimal working conditions. To this end, we developed an automated procedure (see Appendix A for details) to identify this optimal working condition. As previously reported in [13] , our set-up works in stable conditions with a single arm sensitivity of 2 pT/ √ Hz and is mainly limited by a disadvantageous atomic transition, as discussed in Sec.4.3. The relatively low sensitivity (especially compared to state-of-art low temperature SQUID and SERF magnetometers), is partially compensated by several practical features. First of all, the system is very stable and can work autonomously for hours, making it possible to record hundreds or thousands of traces: the recording time is usually only limited by the duration of the working day. The fact that the sensor head works at room temperature (or just above), eliminates any constraints on the minimum distance between sample and sensor. This reduces the effort necessary to minimize the head size, which, for small size samples, leads to improve the sample-sensor coupling and thus the the NMR detection limit, even without increasing the sensitivity. In fact, miniaturized magneto-optical sensors [17] have already been developed, and excellent results have also been demonstrated in this field [18, 15] .
Possible improvements of the system
The atomic species and the specific atomic transition are important features that place both practical and fundamental limits on the performance of the OAM. The use of Cs is unfavorable compared to other alkali species because of its lower Landé factor and consequently lower gyromagnetic factor. On the other hand, the advantages of Cs include its higher vapour density at room temperature, the existence of a unique natural isotope, and very large hyperfine separation of the ground states, resulting in a very weak non-linear Zeeman effect. A further advantage is given by the relatively large nuclear spin, which, leading to a large nuclear slow-down factor, causes a reduction of the broadening for spin-exchange collisions [33, 34] .
As mentioned in Sec.2.3, D 2 transitions are an unfavorable choice for optically pumping alkali atoms. Nowadays, laser sources based on distributed feedback technology are available to excite the D 1 transition of Cs. This represents an important opportunity to improve the sensitivity of our apparatus by more than one order of magnitude. Optical pumping in the D 2 transition is weakly effective, as atoms in all the ground state Zeeman sublevels may absorb the circularly polarized light due to the presence of an excited state with larger F number with respect to the ground state. The pumping effect is indirect under these conditions and in the presence of high pressure buffer gas it results from a depletion mechanism: the circularly polarized light preferably excites large m ground levels, due to larger Clebsch-Gordan coefficients, the populations in the excited Zeeman sublevels are then equalized due to collisional mixing, leading atoms to decay back to the ground sublevels with equal probability. Using D 1 transition is a much more efficient way to polarize atoms and is made even more efficient by the collisional mixing. In fact in 2 S 1/2 → 2 P 1/2 transitions, atom in largest m ground state cannot absorb circularly polarized photons. In this case, the atomic sample is pumped directly and collisional mixing of the excited state makes the relative values of the Clebsch-Gordan coefficients irrelevant. They only play a minor role in enhancing the pumping rate, provided that the ∆m = 0 transitions are weaker than the ∆m = 1 ones. See Chapter 2 in [34] for a detailed discussion of these mechanisms and [35] for a general review on optical pumping.
It is worth stressing that in accordance with Eq.(2) the amplitude of the peak corresponding to the nuclear signal depends on J 1 (M ) ≈ M/2, where M is the modulation index i.e. the ratio max(δω a )/ω n between the maximum deviation of the instantaneous atomic precession frequency and the nuclear precession frequency. The direct consequence of this is that operating at higher precession fields, produces a proportionally weaker signal. Similarly, Eq.4 shows that the signal does not depend on the nuclear precession frequency with the lock-in detection either. In conclusion, in contrast to conventional NMR, no advantages in terms of signal-to-noise ratio are obtained by increasing the precession field.
Conclusions
We have demonstrated that LF-NMR in the micro-Tesla range is feasible with an atomic magnetometer operating in an unshielded environment. We tested our apparatus in a remote detection experiment using both non-adiabatic and ac pulses to rotate nuclear spins with respect to the precession field. We considered two different approaches for demodulating the NMR signal from the polarimetric signal generated by the OAM, also taking advantage of the differential nature of our set-up. The relatively poor sensitivity could be significantly improved by increasing the optical pumping efficiency of the atomic sample, which would be possible using a laser source tuned to the D 1 line. With the current sensitivity level (which is about 2 pT/ √ Hz), the long-term stability of the system also makes it possible to achieve high resolution via automated, long-lasting measurement and averaging procedures.
A Description of the routine used for identifying the optimal OAM working point
The working conditions of the self-oscillating magnetometer are controlled via a program interfacing with the waveform generator that drives the diode laser frequency modulation. Having localized the resonance in scanned mode, the system is switched to self-oscillation regime by replacing the asymmetric squarewave output with an indefinite train of single pulses triggered by the polarimetric signal of the main arm. The amplitude and width of the pulses are set on the basis of the optimal square-wave output previously identified in the scanned mode. The pulse delay is set to typical values and then optimized. An automated simplex-optimization procedure based on a simplex approach is then performed by adjusting four parameters of the pulse generator. The search for the optimal operating conditions is based on maximization of the polarimeter signal amplitude, which is evaluated by referencing the lock-in amplifier with the comparator output: the optimization procedure seeks the optimal conditions in a four-dimensional space by adjusting pulse delay, width, amplitude and dc offset. The latter parameter controls the average optical detuning of the pump laser, thus making it possible to counteract the slow drifts in the optical frequency that occur in long-lasting measurements. We found that the probe laser tuning is a less critical parameter, so that neither remote control nor the optimization procedure were included in the program for its value. A run of the optimization routine takes about 5 s to 15 s, mainly depending on the starting conditions and on the single-point measurement time, which is in turn set by the lock-in settling time.
